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(54) 

(57) A method is described for enlarging the storage 
capacity of a hierarchical disk array data storage system 
which stores data according to different levels of redun- 
dancy, or RAID levels. The method includesfirst mapping 
the physical storage space (34) into afirst virtual storage 
space (40) having a plurality of RAID areas that extend 
across multiple storage disks (0-3) in the disk array (1 1) 
and comprise multiple stripes of segments from each 
storage disk. The first virtual storage space (40) is 
mapped into a second virtual storage space (50) having 
multiple virtual blocks. To enlarge storage capacity, one 
or more storage disks (4) are added to the hierarchic disk 
array. To assimilate the new storage capacity, data in a 
selected existing RAID area is moved to another area on 
the disk array of equal or greater storage capacity The 
mapping of the second virtual storage space to the first 
is updated to reflect the data movement. The physical 
storage space corresponding to the selected RAID area 
is then remapped into an expanded RAID area which 
spans across all storage disks, including the new disks. 
The process is repeated until all RAID areas in the hier- 
archic disk array have been expanded to include regions 
on the new storage disks. The capacity available to the 
second virtual storage space (50) is modified to reflect 
the enlarged storage capacity. According to this method, 
data remains available to the user at ad times during the 
enlargement process. 
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Description 



FIELDOF THE INVENTION 

s This invention relates to data storage systems, such as a hierarchic disk array data storage systems, and methods 

tor adding disks to such systems. 

RACKreROUNP OF THE INVENTION 

10 Computer systems are constantly improving in terms of speed, reliability, and processing capability. As a result, 
computers are able to handle more complex and sophisticated applications. As computers improve, performance 
demands placed on mass storage and input/output (I/O) devices increase. There is a continuing need to design mass 
storage systems that keep pace in terms of performance with evolv.ng computer systems. 

This invention particularly concerns the mass storage systems of the disk array type. Disk array data storage system 

is have multiple storage disk drive devices which are arranged and coordinated to form a single mass storage system. 
There are three primary design criteria for mass storage systems: cost, performance, and availability, it is most desirable 
to produce memory devices that have a low cost per megabyte, a high input/output performance, and high data availa- 
bility "Availability" is the ability to access data stored in the storage system and the ability to insure continued operation 
in the event of some failure Typically, data availability is provided through the use of redundancy wherein data, or rela- 

so tionships among data, are stored in multiple locations. 

There are two common methods of storing redundant data. According to the first or "mirror" method, data is dupli- 
cated and stored in two separate areas of the storage system. For example, in a disk array, the identical data is provided 
on two separate disks in the disk array. The mirror method has the advantages of high performance and high data 
availability due to the duplex storing technique. However, the mirror method is also relatively expensive as it effectively 

25 doubles the cost of storing data. 

In the second or "parity" method, a portion of the storage area is used to store redundant data, but the size of the 
redundant storage area is less than the remaining storage space used to store the original data. For example, in a disk 
array having five disks, four disks might be used to store data with the fifth disk being dedicated to storing redundant 
data. The parity method is advantageous because it is less costly than the mirror method, but it also has lower perform- 

30 ance and availability characteristics in comparison to the mirror method. 

One problem encountered in the design of disk array data storage systems concerns the task of adding more storage 
disk drive devices to increase the storage capacity of the disk array. Conventional disk arrays require the following lengthy 
process. First, the data currently stored on the disk array is copied to an entirely separate storage device (such as a 
reel-to-reel tape storage system). Next, the new storage disks are added to the disk array. The entire disk array is then 

35 reconfigured to incorporate the new storage disks. Finally, the data is copied from the separate storage device back to 
the newly configured disk array. Unfortunately, the disk array is not accessible during this process and the data, which 
has been temporarily transferred to a separate backup system, is unavailabie. 



SUMMARY OF THE INVENTION. 

The present invention provides methods for enlarging storage capacity in a data storage system by adding more 
storage disks yet still maintaining dala availability. According to one method, the physical storage space of the disk array 
is configured into multiple stripes for storing a predetermined amount of data. The stripes extend across multiple storage 
disks in the disk array, and are made up of one or more equal sized segments from each storage disk in the disk array. 
When more storage disks are added, data from one stripe is moved to a another portion of the physical storage space. 
The physical storage space containing the stripe is then reconfigured into an expanded stripe for storing data. This 
expanded Stripe spans across ail storage disks, including the new additional storage disks. The expanded stripe is then 
ready to receive new data. This process is continued stripe-by-stripe until all stripes have been configured to include 
the new disks. While the Stripe is being expanded, the data storage system does not allocate any virtual blocks within 
the selected stripe. . „ _ 

According to another method for enlarging storage capacity in a data storage system, a pre-map of the stripe con- 
figuration of the physical storage space is initially provided. When one or more additional storage disks are added to the 
disk array, a post-map indicative of a new configuration of the physical storage space is created. This post-map takes 
into account the additional storage disks. A group A of segments is then defined to include at least one expanded stripe 
having a segment from the individual storage disks and a segment from the new additional storage disk. A group B of 
segments is defined to include segments not found in group A. 

"me data in the segments of group A is reorganized from a first data arrangement according to the pre-map to a 
second data arrangement according to the post-map. Following this reorganization, the group A of segments wil nave 
at least one empty segment due to the increased storage area of adding at ieast one additional djsk. Accordingly, data 
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is moved from at least one segment in group B to fill the empty segment(s) in group A. This process is continued step- 
by-step until ail stripes have been configured to include the new disks. Any conflicts concerning data access to groups 
A and B by the user and data movement during migration that arise during the process are resolved so that data remains 
avai iable at all times. 

5 This invention can also be uniquely tailored for use in hierarchical disk array data storage systems which store data 

according to different levels of redundancy, or RAID levets. This method includes first mapping the physical storage 
space into a first virtual storage space having a plurality of RAID areas. Each RAID area can be configured as either a 
first or second RAID area type where a first RAID area type holds data according to a first RAID level (such as RAID 
level 1 or mirror redundancy) and a second RAID area type holds data according to a second RAID level (such as RAID 

w level 5 or parity redundancy). The RAID areas extend across multiple storage disks in the disk array and comprise equal 
sized storage regions from each storage disk. The first virtual storage space can then be mapped into a second virtual 
storage space having multiple virtual blocks. This second virtual storage space is the view of storage defined by and 
presented to the user or host. 

In this case, when one or more storage disks are added to the hierarchic disk array, data stored in a selected RAID 

is area is moved to another area of equal or greater storage capacity. The mapping of first to second virtual storage spaces 
is updated to reflect the data movement. The physical storage space corresponding to the selected RAID area is then 
remapped into an expanded RAID area which spans across ail storage disks, including the new disks. This process is 
repeated until all RAID areas in the hierarchic disk array have been expanded to include regions on the new storage 
disks. The mapping of the second virtual storage space to first is continuously modified to reflect the expansion of the 

so RAID areas within the virtual storage space. 

The data remains available during this capacity enlargement process to assimilate the new disk. The data remains 
resident and accessible on the disk array and is not transferred to another separate storage device. Only the data in the 
process of being remapped as a result of a move is suspended from access, and then only temporarily. The methods 
of this invention therefore effectively ensure that the data is available to the user at all times 

DESCRIPTION! QF THE DRAWINGS 

Preferred embodiments of the invention are described below with reference to the followi ng accompanying drawings 
depicting examples embodying the best mode for practicing the invention. 
so Fig. 1 is a diagrammatic block diagram of a disk array data storage system according to this invention. 

Fig. 2 is a diagrammatic illustration of storage space on multiple storage disks and shows data storage according 
RAID Level 1 . 

Fig. 3 is a diagrammatic illustration of storage space on multiple storage disks and shows data storage according 
RAID Level 5. 

35 Fig. 4 is a diagrammatic illustration of a memory mapping arrangement of this invention where two virtual storage 
spaces are mapped with respect to a physical storage space. 

Fig. 5 is a diagrammatic illustration of storage space on multiple storage disks and demonstrates moving data from 
an entire RAID area to another storage space so that the original RAID area can be expanded to include space on a 
new disk. 

40 Fig. 6 is a flow diagram showing the methodical steps associated with enlarging storage capacity by adding new 
disks, while maintaining data availability, according to one preferred embodiment. 

Fig. 7 is a diagrammatic illustration of storage space on multiple storage disks and demonstrates an initial step in 
another preferred method of this invention concerning reorganizing and packing data within a stripe to simultaneously 
enlarge the stripe to include a new segment from a new additional disk. 
45 Fig. 8 shows the storage space of Fig. 7, but demonstrates a step subsequent to that shown in Fig. 7. 

Fig. 9 shows the storage space of Fig. 7, but demonstrates a step subsequent to that shown in Fig, 8. 
Fig. 10 shows the storage space of Fig. 7, but demonstrates a step subsequent to that shown in Fig. 9. 
Fig. 1 1 shows the storage space of Fig. 7, but demonstrates a step subsequent to that shown in Fig. 10. 
Fig. 1 2 shows the storage space of Ftg . 7, and demonstrates the general format of continuing steps taken subsequent 
so to the step shown in Fig. 11. 

Fig, 13 is a flow diagram showing the methodical steps of enlarging storage capacity by adding new disks as illus- 
trated in Figs. 7-12. 

DETAILED DESCRIPTION OF THE INVENTION 

This disclosure of the invention is submitted in furtherance of the constitutional purposes of the U.S. Patent Laws 
"to promote the progress of science and useful arts". U.S. Constitution, Article 1 , Section 8. 

f-:g 1 sncv, a data storage system 1 0 constructed according to this invention. Preferably, data storage system 10 
is a disk array data storage system which includes a hierarchic disk array 1 1 having a plurality of storage disks 1 2, a 
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disk array coritr oiler 1 4 coupled to the disk array 1 1 to coordinate data transfer to and from the storage disks 1 2, and a 
RAS D management system 1 6. 

For purposes of this disclosure, a "disk™ is any non-volatile, randomly accessible, rewritable mass storage device 
which has the ability of detecting its own storage failures. It includes both rotating magnetic and optical disks and solid- 

s state disks, or non-voiatile electronic storage elements (such as PROMte, EPRGMs, and EEPRQMs). The term 'disk 
array" is a collection of disks, the hardware required to connect them to one or more host computers, and management 
software used to control the operation of the physical disks and present them as one or more virtual disks to- the host 
operating environment. A " virtual disk' is ar, aostract entity realized in the disk array by the management software. 
The term "RAID" (Redundant Array of Independent Disks) means a disk array in which part of the physical storage 

to capacity is used to store redundant information about user data stored on the remainder of the storage capacity. The 
redundant information enables regeneration of user data in the event that one of the array's member disks or the access 
path to it fails, A more detailed discussion of RAID systems is found in a book entitled, The RAlDBook: A Source Book 
for RAID Technology, published June 9,. 1993, by the RAID Advisory Board, Lino Lakes, Minnesota. 

Disk array controller 14 is coupled to disk array 11 via one or more interface buses 13, such as a smali computer 

is system interface (SCSI). RAID management system 16 is operatively coupled to disk array controller 1 4 via an interface 
protocol 15. Data memory system 10 is also coupled to a host computer (not shown) via an I/O interface bus 17. RAID 
management system 16 can be embodied as a separate component, or configured within disk array controller 14 or 
within the host computer to provide a data manager means for controlling disk storage and reliability levels, and for 
transferring data among various reliability storage levels. These reliability storage levels are preferably mirror or parity 

so redundancy levels as described below, but can also include a reliability storage level with no redundancy at all. 

The disk array controller 14 is preferably implemented as a dual controller consisting of disk array controller A 1 4a 
and disk array controller B 14b. Dual controllers 14a and 14b enhance reliability by providing continuous backup and 
redundancy in the event that one controller becomes inoperable The methods of this invention can be practiced, however, 
with a single controller or other architectures. 

25 The hierarchic disk array 1 1 can be characterizable as different storage spaces, including its physical storage space 
and one or more virtual storage spaces. These various views of storage are related through mapping techniques. For 
example, the physical storage space of the disk array can be mapped into a virtual storage space which delineates 
storage areas according to the various data reliability levels.- Some areas within the virtual storage space can-be allocated 
for a first reliability storage level, such as mirror or RAID level 1 , and other areas can be allocated for a second reliability 

so storage level, such as parity or RAID level 5. The various mapping techniques and virtual spaces concerning RAID levels 
are described below in more detail. 

Data storage system 10 includes a memory map store 21 that provides for persistent storage of the virtual mapping 
information used to map different storage spaces into one another. The memory map store is external to the disk array, 
and preferably resident in the disk array controller 1 4. The memory mapping information can be continually or periodically 

35 updated by the controller or RAID management system as the various mapping configurations among the different views 
change. 

Preferably, the memory map store 21 is embodied as two non-volatile RAMs (Random Access Memory) 21a and 
21b which are located in respective controllers 14a and 14b. An example non-volatile RAW (NVRAM) is a battery-backed 
RAM. A battery-backed RAM uses energy from an independent battery source to maintain the data in the memory for 

40 a period of time in the event of power loss to the data storage system TO. One preferred construction is a self-refreshing, 
battery-backed dram (Dynamic RAM). 

The dual NVRAMs 21 a and 21b provide for redundant storage of the memory mapping information. The virtual 
mapping information is duplicated: and stored in both NVRAMs 21a and 21b according to mirror redundancy techniques. 
In this manner, NVRAM 21a can be dedicated to storing the original mapping information and NVRAM 21b can be 

45 dedicated to storing toe redundant mapping information. In an alternative construction, a mirrored memory map store 
can be configured using a single non-volatile RAM with sufficient space to store the data in duplicate. 

As shown in Fig. 1 , disk array 1 1 has multiple storage disk drive devices 1 2 Example sizes of these storage disks 
are one to three Gigabytes. The storage disks can be independently connected or disconnected to mechanical bays 
that provide interfacing with SCSI bus 13. In one implementation, the data storage system is designed with twelve active 

so mechanical bays. Four SCSI buses are used to interface these bays with disk array controller 14 (i.e., one bus per 3 
mechanical bays) . If the active bays are fully loaded, the data storage system has an example combined capacity of 1 2- 
36 Gigabytes. Disk array controller 1 4 recognizes storage disks 1 2 regardless into which bay fhey are plugged. The data 
storage system 10 is designed to permit "hot plug" of additional disks into available mechanical bays in the disk array 
while the disk array is in operation. The addition of new storage disk devices is described below in more detail with 

ss reference to Figs. 5-13. 

The storage disks 12 in disk array 1 1 can be conceptualized, for purposes of explanation, as being arranged in a 
ii srgrouj ,: fmi ! t e disks 20 and a parity group 22 of multiple dis Mirrc grou ep sertfc a first memory 
oca t RAD are I sk array which stores data according to a first or mirror redundancy ievel. This mirror 
redundancy lev* s also considered a RAID Level 1. RAID Level t, or disk, mirroring, oilers the highest data reliability 
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by providing one-to-one protection in that every bit of data is duplicated and ; stored within- thedata storage system: The 
mirror redundancy is diagrammatically represenier: by the three pairs of disks 20 in Fig. 1 . Original data can be stored 
on a first set of disks 26 while duplicative, redundant data is stored on the paired second set of disks 28. 

Fig. 2 illustrates the storage of data according to RAID Level 1 in more detail. The vertical columns represent indi- 
vidual disks, of which disks 0, 1 , 2, and 3 are illustrated. The physical storage space contained in this disk array of four 
disks can be configured into multiple stripes, as represented by the horizontal rows. A "stripe" extends across the storage 
disks and is comprised of numerous, equal sized segments of storage space where one segment is associated with 
each disk in the array. That is,, a segment is the portion of a stripe that resides on a single disk. Each stripe holds a 
predetermined amount of data which is distributed across the storage disks. Some segments of a stripe are used for 
original data while other segments are used for redundant data. 

in this example of mirror, redundancy (RAID Level i), data stored on disk 0 in segment 0 of stripe 0 is duplicated 
and stored on disk 1 in segment 0' of stripe 0. Similarly, data stored on disk 2 in segment 5 of stripe 2 is mirrored into 
segment S' of stripe 2 on disk 3. In this manner,, each piece of data is duplicated and stored on the disks. The redundancy 
layout of Fig. 2 is provided for explanation purposes. The redundant data need not be placed neatly in the same stripe 
as is shown. For example, data stored on disk 0 in segment 2 of stripe 1 could be duplicated and placed on disk 3 in 
segment T of stripe S. 

With reference again to Fig 1 , the parity group 22 of disks 24 represent a second memory location or RAID area 
in which data is stored according to a second redundancy level, such as RAID Level 5. In this explanatory illustration of 
six disks, original data is Stored on the five disks 30 and redundant "parity" data is stored on the sixth disk 32. 

Fig. 3 shows a parity RAID area layout in moredetaii. Similar to the mirror RAID area layout of Fig. 2, the physical 
storage space of disks 0, 1,2, 3 can be configured into multiple equal sized stripes, in this illustrated example, data is 
stored according to RAID Level 5 and the redundant data stored in the segments is referenced by letter R The redundant 
P segments store the parity of the other segments in the stripe. For example, in stripe 0, the redundant P segment on 
disk3 stores the parity of disks 0, 1, and 2. The parity for each stripe is computed by some function, such as an exclusive 
OR function which is represented by the symbol "©". The parities for the first four stripes (with the subscript numeral 
representing the corresponding stripe) are as follows: 

P 0 = Segment 0 © Segment 1 © Segment 2 
= Disk 0 © Disk 1 ® Disk 2 

P t = Segment 3 © Segment 4 © Segment 5 
= Disk 0 © Disk 1 © Disk 3 

P 2 t= Segment 6 © Segment 7 © Segment 8 
«= DiskO © Disk 2 © Disk 3 

P 3 = Segment 9 © Segment 10 © Segment 1 1 
= Disk 1 © Disk 2 © Disk 3 

Parity redundancy allows regeneration of data which becomes unavailable on one of the disks. For example, if the data 
in segment 5 becomes unavailable, its contents can be ascertained from segments 3 and 4 and the parity data in segment 
P. Parity storage is less expensive than mirror storage, but is also less reliable and has a lower performance. 

Thedisk arrangement of Fig. 1 is provided for conceptual purposes. In practice, the disk array 11 would simply have 
a plurality of disks 12 which are capable of storing data according to minor and parity redundancy. Among the available 
storage space provided by all disks 1 2, a portion of that storage space would be allocated for mirror redundancy and 
another portion would be allocated for parity redundancy. Preferably, disks 12 are configured to contain plural, equal 
sized storage regions (referenced as numeral 35 in Fsg, 4), wherein individuaS regions have multiple segments: The 
regions are grouped together to form RAID areas in one virtual view of the storage space. Additionally, another (host- 
defined) view of storage space is presented to the user or host so that the RAID areas and data redundancy storing 
techniques are transparent to the user or host. These features are discussed below in more detail with reference to Ftg. 4, 

Data storage system TO manages the "migration" of data between mirror and parity storage schemes. The man- 
agement of both types of redundancy is coordinated by RAID management system 16 (Fig. 1). RAID management 
system 1 6 manages the two different types of RAID areas in the disk array as a memory hi erarchy with the mirror RA ID 
areas acting similar to a cache for the parity RAI D areas. RAI D management system 1 6 shifts, organizes, and otherwise 
manages the data between the mirror and parity RAID areas in accordance with a defined performance protocol. The 
process ot mo.-" g .=*it ; i -veai tne mirror and parity RAID areas is referred to as "migration". 
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• -Data storage-system TO tries to place the more performance-critical data in the mirror RAID areas since this affords 
the highest performance and reliability. The performance protocols implemented by RAID management system 16 
includes one of two preferred migration policies. According to the first migration policy, known as "access frequency", 
the most frequently accessed data on the hierarchic disk array is maintained in the mirror RAID area 18, Less frequently 
accessed data is maintained in the parity RAID area 22, According to a second migration poiicy, known as "access 
recency", the most recently accessed data is maintained in the mirror RAID area 18 while the less recently accessed 
data is stored in parity RAID area 22. Other performance protocols may be employed. Ideally, such protocols at e defined 
based upon the specific computer application and the needs of the user. 

Additionally, the RAID management system 16 automatically "tunes" the storage resources of a data storage system 
according to a function of two parameters: size of the physical storage capacity and size of the present amount of user 
data being- stored in the data storage system. Initially, all data is stored in mirror RAID areas because this affords the 
highest performance and reliability. As more data is added to the data storage system, the data is migrated between 
mirror RAID areas and parity RAI D areas to optimize performance and reliability. As the data storage system approaches 
full capacity, more and more data is migrated to parity RAID areas in an effort to meet all demands by the user while 
still providing reliability through redundancy. Accordingly, the data storage system of this invention affords maximum 
flexibility and adaptation. It does not require the user to select a specific storage regime, but instead can adapt to any 
demand placed on it by the user. 

Fig. 4 illustrates a memory mapping of the available storage space of data storage system 10 as multiple tiers of 
mapped virtual storage space. Each vertically elongated rectangle in the diagram represents a view of the physical 
storage space. In this diagram, physical storage space 34 is referenced by two virtual storage views 40 and 50. Physical 
storage space 34 is represented by four disks (such as disks 1 2 in Fig. i ) referenced by numerate 0, 1,2, and 3. The 
four rectangles associated with the disks represent a view of the physical storage space wherein disks 1 , 2, and 3 have 
approximately equal storage capacity, and disk 0 has slightly less storage capacity. Example storage capacities for such 
disks are 1 -3 Gigabytes. The storage space 34 is partitioned into areas AO, A1 , A2, etc individual areas contain numerous 
stripes, such as stripes 0-Q in area AO. Individual areas also contain numerous regions 35 Regions 35 preferably consist 
of a selected number of uniform sized segments on every storage disk so that the regions are equal in size across the 
entire disk array. An example size of one region 35 is one Megabyte. 

The storage space of the disks are mapped into a first, intermediate, RAID-level virtual view 40 of the physical 
storage space 34. Thts first virtual view is conceptually a set of RAID areas which can be mapped to a second application 
view that represents a contiguously addressable storage space. The physical configuration and RAID views of the storage 
space are hidden from the application view. 

The RAID area storage space 40 is the view of storage that identifies the mirror and parity storage space. For 
instance, a RAID area 42 may represent a mirror RAID area of M allocation blocks 43 while RAID area 44 may represent 
a parity RAID area of N allocation blocks 45. The allocation blocks 43 and 45 are preferably equal sized, with an example 
size being 64 Kilobytes. These RAID areas relate to corresponding physical areas AO, At, A2, etc, on the physfcal 
storage space 34. As an example, sixteen 64K allocation blocks 43 or 45 at the RAID virtual view can be mapped onto 
a single 1M region 35. 

The mirror and parity RAID areas may or may not consume the entire storage space 34 of the disk array. Accordingly, 
during certain applications, there may be unused and undesignated storage space that does not correspond to a par- 
ticular RAID area. However, such storage space can be converted into a mirror or parity RAID area. It is also noted that 
the RAID areas are shown as being mapped into contiguous areas on the disk array, where each region associated with 
a RAID area is located at the same physical address on each storage disk. The RAID areas may alternatively be mapped 
into non-contiguous areas on the disk array as well. 

The storage space available in the RAID areas is mapped into a second, front end, application-level virtual view 50 
which is a view of storage as defined by and presented to the user or host application program. When viewed by the 
user or host application program, the application-level virtual view 50 can represent a single large storage capacity 
indicative of the available storage space on storage disks 12. Virtual storage space 50 presents a view of a linear set 

of equal sized storage virtual blocks 52 and 53, referenced individually as 0, 1 , 2,... J-1 , J, J+1 L-1 , L, L+1 ..... etc. 

Virtual blocks 52 and 53 are preferably the same size as the allocation blocks in RAID area 40, with an example size 
being 64 Kilobytes. The virtual block storage space 50 is represented by a table of references or pointers (as represented 
by arrows 54*) to allocation blocks in the view presented by RAID areas 40 Virtual blocks 52 and 53 at the application 
virtual view 50 are therefore associated with allocation blocks 43 and 45 at the RAID virtual view 40 via the pointers 
maintained in the virtual block table. There are at least two types of RAID areas that can be referenced: from the virtual 
block table: mirror and parity. 

The RAID management system 16 can dynamically alter the configuration of the RAID areas over the physical 
storage space. The number of RAID areas for each type nay be increased or decreased depending upon the amount 
of user data being st< edint ft astern and the size of the physical disk storage space. As a -esu • n !% mapoing of the 
RAID areas in the RAID-level virtual view 40 onto the disks and the mapping of the front end i e : 50 to RAID 
view 40 are generally in a state of change. The memory map store in NVRAMs 21a and 21b (Fig, 1) maintains the 
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current mapping information used:by RAID managsment system 16 to map the RAID areas- onto the disks, as well as 
the information employed to map between the two virtual views. As the RAID management system dynamically alters 
the RAiD level mappings, it also updates the mapping information in the memory map store to reflect the alterations. 

The migration operation of memory system 1 0 wilt now be described with reference to Figs, 1 and 4. 

For purposes of continuing explanation, virtual blocks S3 of the appiicatian-ievei virtual storage space 50 reference 
associated allocation blocks 45 in parity RAID area 44 stored in area A1 of physical storage space 34. Such virtual 
blocks S3 are referred to as "parity virtual blocks" while the associated allocation blocks 45 are referred to as "parity 
allocation blocks". Similarly, virtual blocks 52 reference associated allocation blocks 43 in mirror RAID area 42 stored 
in area AO of physical storage space 34. Such virtual blocks 52 are referred to herein as "mirror virtual blocks" while the 
associated allocation blocks 43 are referred to as "mirror allocation blocks". 

In general, to migrate data from one RAiD area to another, a virtual block associated with an allocation block of a 
first RAID level type (such as mirror or Level 1) is selected. Then, an unused allocation block representing a second 
RAID level type (such as parity or Level 5} is located, ff. an unused allocation block cannot be located, one is created. 
Data is next transferred from the allocation block previously associated with the selected virtual block to the unused 
allocation block which causes the data to undergo a redundancy level change. For example, data once stored according 
to mirror redundancy would now be stored according to parity redundancy, or vice versa. As a final step, the mapping 
54 of the application-level virtual storage space 50 to the RAID-level virtual storage space 40 is modified and updated 
to reflect the shift of data. The selected virtual block that was formerly associated with an allocation block of the first 
RAID level type now references via an updated pointer an allocation block of the second RAID level type which contains 
the migrated data. Any mapping change occurring during this transaction would be updated in memory map store 21. 

The continuing discussion provides a more detailed explanation of migrating data between mirror and parity storage 
areas according to preferred methods and sequences of this invention. To migrate data from parity to mirror storage, 
the following sequence is employed: 

1 . The RAID management system locates an unused mirror allocation block 43 in a mirror RAID area 42. 

2. If none can be found, the RAID management system creates a mirror allocation block (discussed below). 

3. The RAID management system suspends new storage requests to the virtual block to be migrated. 

4. The RAID management system waits until afl active data storage requests to the virtual block are completed. 

5. The data from the parity allocation block 45 associated with virtual block 53 is read rnto a temporary memory buffer. 

6. The data is then written to the mirror allocation block 43 chosen In step 2. 

7. The virtual block table is modified to reference the new location of the data in the mirror allocation block 43. 

8. The suspended storage requests are resumed. 

According to the above procedure, a virtual block 53 in the application-level virtual view 50 migrated from parity to mirror 
storage. Relative to the intermediate virtual view 40, data has migrated from a parity allocation block 45 in parity RAID 
area 44 to a mirror allocation block 43 in mirror RAiD area 42. In the physical storage space data has moved from area 
A1 to area AO. 

If an unused mirror allocation block cannot be located (step 1 above), the RAID management system tries the 
following preferred sequence of three techniques. First, the RAID management system will try to locate an unused (and 
thus undesignated) RAID area, which can be converted to a mirror RAID area without violating me system: threshold of 
unused RAID-level storage that is needed to guarantee that migration can always proceed. If this fails and the system 
has more than the reserved amount of unused RAID-level storage, the system migrates data within parity storage to 
collect unused parity allocation blocks into unused RAID areas. If this migration yields an unused RAID area that can 
be converted to a mirror RAID area as above, then the system converts it to a mirror RAID area, Otherwise, the system 
alternately migrates data from mirror to parity storage, packs minor storage, and converts unused RAID-level storage 
to parity until the system increases unused RAID-level storage sufficiently for the location of an unused mirror allocation 
block or a conversion of an unused RAID area to a mirror RAID area. Since mirror allocation blocks occupy more physical 
storage space than parity allocation blocks, this last technique will result in a net increase in the amount of unused RAID- 
level storage. 

The creation/conversion protocol used to locate and establish unused mirror allocation blocks is advantageous 
because it permits the RAiD management system to sel ectively adjust the memory allocation between parity and mirror 
areas according to the amount of user data and the size of physical storage space. As data usage and storage capacity 
vary, the RAID management system employs one or more of the above, three techniques to maximize the amount of 
data held in mirror storage. 

The RAID management system attempts to avoid the situation in which a storage request must wait for the space- 
making sequence to yield an unused mirror allocation block by creating unused RAID areas during idle time. However, 
in some situations, storage requests may be suspended dunng the space-making sequence. The RAiD management 
system configuies the virtual block storage space in such a way that the virtual space will be - a -> tr an the RAID 
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view: This ensures that a free space equal to at feast one RAID area is set aside for migration or other purposes, in this 
manner, the sequence of techniques will always yield an unused minor allocation biock. 
To migrate data from mirror to parity storage, the following sequence is employed: 

s 1 . The RAID management system chooses a virtuai block from 52 to migrate from mirror to parity storage according 

to a migration policy such as access recency or access frequency. 

2. The RAID management system locates an unused parity allocation biock 45 in a parity RAID area 44. 

3. tf such a biock cannot be found, space reserved for migration is converted to a parity RAID area according to the 
above described creation techniques. 

w 4. New storage requests to the virtuai block to be migrated are suspended. 

5. The RAiD management system waits until all active storage requests to the virtual block are completed. 

6. Data is read from: the mirror allocation block 43 associated with virtual block 52 into a temporary memory buffer. 

7. The data is written to the chosen parity allocation block 45. 

8. The virtual biock table is modified to reference the new location of the data in parity allocation block 45. 
is 9. Data requests to the virtuai block are resumed. 

The above two nine-step sequences provide examples of how the memory system of this invention can operate to migrate 

data between two different levels of redundancy. 

Returning once again to Fig. 1 , data storage system 10 further includes a set 31 of spare storage disks 33. The 
so data storage system 10 is designed to permit "hot plug" of additional disks into available mechanical bays in the disk 

array white the disk array remains in operation. The data storage system is not powered down at this time. To enlarge 

the storage capacity of the data storage system, one or more spare disks 33 are simply plugged into available bays to 

interface with SCSI bus 13. The controller 14 will recogni2e the new disk(s) and begin the processes of this invention to 

assimilate the additional storage space into usable RAID areas. 
25 Methods for enlarging the storage capacity by hot plugging one or more storage disks will now be described with 

reference to Figs. 5-13. The methods are preferably performed in background during idle times of the data storage 

system. 

Figs. 5 and' 6 show one method according to this invention where entire RAID areas are reconfigured one at a time 
to incorporate the new storage disk(s). In Fig 5, a new additional disk, referenced by numeral 4, is added to the disk 
3D array. More than one storage disk can be added; but for simplicity of explanation, only one disk is added in this exampie. 
The new disk is initially empty. The new disk can have the same or different capacity than other existing storage disks 
in the disk array. 

With reference to Fig. 6, one possible initial step 100 is to reserve storage space on the presently configured disk 
array. Preferably, some storage space is always available in the disk array for this and other purposes. For instance, 

35 RAID management system 16 reserves space equivalent to one or more RAID areas for the purpose of data migration 
between RAID areas as described above with reference to Fig. 4. The sire of the reserved space is not calculated as 
part of the capacity available for user data to ensure that the system has space for moving data between storage areas. 
This is done by setting a threshold condition in the controller that inhibits or blocks use of the reserved space for any 
purpose other than data movement or migration. 

40 The space reserved for use during the processes of adding new storage disks can be managed as part of the normal 
tasks of RAID management system 16, or by controller 14, or in other ways. The reserved space has a capacity equal 
to or greater than that of an existing RAID area, in this manner, the reserved space has a size sufficient to hold at least 
the same amount of data as that stored in a RAID area. Space reservation can be represented in the first or RAID virtuai 
view, the second or user virtual view, or a combination of both. 

4S At step 102, one or more storage disks are added to the disk array, such as disk 4 in Fig. 5. At step 103, the second 
virtual storage space 50 is modified to reflect the new storage space yielded by addition of the storage disk(s). The host 
therefore immediately recognizes that, more space has been added to the data storage system. However, the host may 
experience a delay from initial access to the new disk space until sufficient space to accommodate a host request has 
been incorporated via the following RAID area expansion techniques. 

so At step 104, an existing RAID area is selected. An existing RAID area is one which presently contains data, but has 

not yet been configured to incorporate the space on new disk 4, At step 106, ail of the data contained in the selected 
RAID area is moved to one of the following two places: (1) an already expanded RAID area which includes the new disk 
space, or (2) other space on the storage disk array which includes the space that was reserved in step 100. Fig. 5 shows 
the movement of data from selected area A1 (which corresponds to a RAID area 42 in the RAID virtual view; see Fig. 

sb 4) to reserved space in area AV. The reserved storage space-is shown as being contained in a contiguous physical area 
AV which is mapped info a single contiguous RAID area for purposes of explanation. However, the reserved storage 
space wyi u j. a ybs J-r T buted throughout the disk array in a non-contiguous manner and mapped into muftipie RAID 
areas. 
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The physical storage space corresponding to the selected area A1 is then remapped or reconfigured to include the 
new. storage disk 4 (step 1 08). This remapping creates an expanded RAID area which spans across the multiple storage 
disks 0-3 and the new additional storage disk 4. The expanded RAID area includes an equal sized region (made up of 
multiple equal sized segments) from every disk in the array (i.e., regions 35a-35d), including the new disk (i.e., region 
35e). Remapping existing RAID areas into expanded RAID areas (steps 104-108) can be conducted in a background 
process during idle times of the data storage system. 

Storage space that has not yet been designated in the RAID regime automatically grows to include the new disk 
capacity. This space is converted to a RAID area as needed. In the event that additional expanded RAID areas are 
required to facilitate a user's storage request, unused storage space is located and then mapped into an expanded RAID 
area that includes the new disk space, it is noted that this newly expanded RAID area can be used to receive data from 
existing RAID areas per step 106. 

Upon completion of this data movement, the memory map information in memory map store 21 for both the fast 
and second virtual storage spaces is updated to reflect the data movement and expansion of RAID area within the 
hierarchic disk array at step 114. More specifically, the memory map information is updated as the data in each virtual 
block is moved during the expansion process. The process continues to index through the disk array storage system 
one RAID area at a time until all RAID areas have been expanded to include the new disk space (step 1 16). According 
to the methods of this invention, the data remains available to the user at ail times. 

RAID management system 16 resolves any conflicts arising during the process at the second virtual storage space 
layer SO. More particularly, RAID management system 1 6 resolves conflicts between data access requests to the virtual 
blocks and the movement of the virtual blocks. The conflict resolution allows data to remain available at all times. The 
RAID management system manages conflicts through a variety of techniques. One example technique is to temporarily 
suspend access to the virtual blocks associated with the selected RAID area. Another technique, known as "non-preemp- 
tion", exploits uninterrupted use of a system resource to avoid any conflicting activity Conflicts are prevented from arising 
because the resource is dedicated to only one task at a time. Still another example technique is to log any conflicting 
activity resulting from trying to access data that is being moved, and later going back to resolve that conflict once the 
data is moved. 

This method can be generalized to a non-RAID environment. The physical storage space of the disk array is con- 
figured info multiple stripes, such as stripes 0-Q in Figs. 3 and 4, instead of RAID areas. The stripes extend across all 
of the disks and typically include a single segment from each disk, although stripes with more than one segment per 
disk are possible. A portion of physical space may or may not be reserved to temporarily store data held in the stripe, 
ff so, the portion of space is of sufficient size to store an equal or greater amount of data stored in a stripe. 

A stripe is selected for expansion and allocation in that stripe is inhtoited. Ail of the data in the selected stripe is 
moved to another storage location in the disk array. The physical storage space containing the stripe is then reconfigured 
into an expanded stripe tor storing data that includes the segment on the new storage disk. The expanded stripe thus 
spans across ail storage disks, including the new additional storage disks. Allocation in the expanded stripe is then 
resumed. This process is continued stripe-by-stripe until all stripes have been configured to include the new disks. Data 
availability to all non-selected stripes is maintained during the process. 

Figs. 7-1 3 show another preferred method according to this invention where segments are reorganized and packed 
within a stripe during the reconfiguration process. Unlike the method described above, data is initially moved within the 
selected stripe, and not to a new location outside of the selected stripe. Additionally, with this method, on-line reconfig- 
uration can be conducted without reserving space on the existing storage array. 

Figs. 7-12 illustrate the process on a disk array that initially consists of four disks 0-3. The physical storage space 
of the disk array is configured into multiple stripes for storing a predetermined amount of data (step 200 in Fig .13). Each 
stripe extends across, and includes a segment from, each storage disk 0-3. Each stripe contains data and redundant 
parity information P. 

A pre-map representing the stripe configuration or memory layout of the physical storage space and the data stored 
therein is generated and maintained by the data storage system {step 202). The pre-map can be embodied as tables 
maintained and updated in the memory map store 21 in disk array controller 14 (Fig. 1 ). Alternatively, the pre-map can 
comprise a set of arithmetic equations designed into the RAID management system 16. These equations derive mapping 
information based upon the number of storage disks in the disk array. 

A new additional disk 4 is then added to the disk array {step 204). The new disk is initially empty. The RAID man- 
agement system 16 createsa post-map representing a new stripe configuration or memory layout of the physical storage 
space of the disk array after incorporating the additional storage disk 4 (step 206). This post-map can be similarly kept 
as a table in memory map store 21 . Alternatively, the post-map can be generated by the arithmetic equations given the 
parameter of the new number of disks now configured in the disk array 

At step 208, a group A of segments is defined. Preferably,. group A consists of one expanded stripe that has a 
segment from every storage disk including the new additional storage disk In Fig. 7, group A consists of segments 0, 
1 , a, P, and new segment H in disk 4. Next, a group B of segments is defined (step 210). Group B includes segments 
not found in group A. Group B preferably consists of enough segmente to fill one exparaea s p< me example of 



Figs. 7-12, group B is initially the same size of group A, including segments from a single expanded stripe. Later in the 
process, however, group B is enlarged to include segments from two expanded stripes. Accordingly, the segments in 
group B may or may not be in the same physical stripe. Following definition of groups A and B, the RAID management 
system begins managing for conflicts that might arise during the expansion process. 

At the beginning of the process, data in the segments of group A might need to be reorganized from a first data 
arrangement in the segments according to the pre-map to a second data arrangement in the segments according to the 
post-map (step 213). That is, the data arranged under the pre-map is evaluated against the post-map to determine 
whether the data remains in the same place after expansion or needs to be reorganized. After several iterations in the 
process, however, group A wilt consist entirely of empty segments and thus, there is no data to reorganize. 

Accordingly, at decision step 21 1 , it is determined wheth er all segments in group A are empty. If so, the reorganization 
step is not performed and data is simply moved from the segments in group B into the empty segments in group A. 
Conversely, if the segments are empty, the next decision step 2 ^determines whether the data is presently in its proper 
order in view of the post-map configuration, if so, the reorganization step is again avoided. On the other hand, if the data 
is out of order, the reorganization step 2 13 is conducted. These steps are more fully described below with reference to 
the example depicted in Figs. 7-12. 

Assume for this example that the pre-map exhibited a data configuration on disks 0-3 as shown in Fig. 7. Further 
assume that the post-map contained a storage configuration incorporating new disk 4 such as that shown in Fig. 1 1 . 

Notice that the data in the group A segments of Fig. 7 are already in the desired order. No reorganization is necessary. 
Instead, data from segment 3 of group B is simply moved to fill segment P in group A that had previously held parity 
information. Working through the flow diagram of Fig. 13, decision step 211 returns a "no" indicating that the segments 
in group A are not empty and decision step 212 returns a "yes" indicating that the data is in proper order. Thus, the 
reorganization step 213 is bypassed and flow continues directly to step 214 where data from a segment in group B is 
moved to fill an empty segment in group A. At step 216, parity information for the data in the segments of group A is 
regenerated and placed in the new segment N on new disk 4. Any conflicts regarding the virtual blocks associated with 
the segments in groups A and B that arose during this process are then resolved. 

In Fig. 8, group A is redefined to include a vacated segment V, a data segment 4, a parity segment P. a data segment 
5, and a new segment N on respective disks 0-4 (step 208). Group B is also redefined to include segments 6, P, 7. 8, 
and N on respective disks 0-4. Notice that the data in the group A segments is not in proper order and thus is reorganized 
under step 213. The data in segment 4 is moved from disk t to the vacated segment V on disk 0 and subsequently, the 
data in segment 5 is moved from disk 3 to the now vacated segment on disk 1 - 

It is noted that data coufd also be shifted to the new segment N on disk 4 within the group A during reorganization. 
For instance, if the post-map dictated, data could be moved from segment 4 in group A to unused new segment N on 
the additional storage disk 4. 

After the data, is reorganized within group A at step 213, data is moved from group B to fill the empty segments. As 
used herein, "empty" segments mean segments that have been vacated (designated by a V), segments that previously 
stored parity information (designated by a P), and new segments provided by the new disk (designated by an N). In Fig. 
8, data in segment 6 on disk 0 is moved to fill empty segment P on disk 2; and data in segment 7 on disk 2 is moved to 
fill the new segment N on disk 4. The parity information is regenerated and placed in the vacated segment on disk 3. 
Again, any conflicts regarding the virtual blocks associated with the segments in groups A and B are resolved. 

Fig. 9 shows the third iteration through the flow diagram of Fig. 13 where groups A and B are redefined to cover the 
third and fourth stripes, respectively. This iteration once again uses a combination of data reorganization within group 
A and data packing or filling with data provided from group B. The parity information is regenerated for the new data set 
and stored in the segment on disk 2. 

Ftg. 1 0 shows the fourth iteration. Group A is redefined to cover the segments in the fourth stripe. Notice that group 
A now contains all empty segments. There is no data to reorganize within group A. Accordingly, step 21 1 in the Fig. 13 
ffow diagram bypasses the reorganize step 213 and proceeds directly to the filling step 214. The reorganization sub- 
process is therefore only conducted at the beginning and is quickly discontinued after only a few iterations. In fact, the 
reorganization step will cease. after the N-1 iteration, where N equals the number of storage disks in the array prior to 
adding the new disk(s). In this example, N equals four, and thus, the reorganization subprocess is discontinued after the 
third iteration. 

Group B is redefined and enlarged to cover the segments in the fifth and sixth stripes. The enlargement occurs 
because more data is used to fill all empty segments in group A than can be accommodated by a singlestripe. 

Fig. 11 illustrates the seventh iteration. At this iteration, a gap of unused segments begins to form between groups 
A and B. This gap evolves because data is being moved from a smaller storage space in group B and below into a larger 
expanded space above group A. The gap begins to form at the 2N-1 iteration, where N is the number of storage disks 
in the array prior to adding the new disk(s) The gap grows as the process continues. 

The process concludes when group B reaches the bottom of the disk array storage space. At that point, the gap 
has grown to its largest size and contains ail available unused segments. Additional y. all unus g 1 ~ r s ocat 
sed segments in the disk array. This is advantageous as ft facilitates 
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implemented for, mapping) to the new number of disks in the disk storage 

array. 

Fig, 12 illustrates the general case of the process after many iterations. Data is packed in segments G, (3-1, G-2, 
G-3, etc. above group A to include the new storage space on disk 4. Data in and below group B, on the other hand, 

s remains in the segments H, H+1 , H+2, etc. as it existed prior to adding the new disk. The segments on new disk 4 are 
empty. Group A consists of entirely empty segments . Group B consists of data to be HI led into group A. The gap between 
groups A and B contains many empty segments E. 

The process is continued stripe-by-stripe until all stripes have been expanded to include the new disk space. There- 
after, the maximum space available to the host is increased to reflect expansion resulting from adding the new disk(s). 

m The above method can also be used in the hierarchic disk array having various RAID areas, in this case, regions within 
RAID areas are reorganized within a selected RAID area and subsequently packed with data from regions outside of 
the selected RAID area according to the above techniques. Such regions may be handled in bulk, but preferably are 
separated into their multiple stripes so that tbe.stripes within each RAID area are enlarged stripe-by-stripe until the entire 
RAID area is completed in the manner described above with reference to Fig. 10. 

is The methods of this invention are advantageous because they permit hot plug of additional storage disks to enlarge 

storage capacity while maintaining the availability of the data. By reconfiguring the new space area-by-area, the data 
can remain resident and accessible on the disk array and does not need to be transferred to another separate storage 
device as is done in prior art methods. 

In compliance with the statute, the invention has been described in language more or less specific as to structural 

so and methodical features. It is to be understood, however, that the invention is not limited to the specific features shown 
and described, since the means herein disclosed comprise preferred forms of putting the invention into effect. The 
invention is, therefore, claimed in any of its forms or modifications within the proper scope of the appended claims 
appropriately interpreted in accordance with the doctrine of equivalents. 

25 Claims 

1 . A method for enlarging storage capacity in a data storage system; the data storage system having a disk array (1 1) 
of multiple storage disks (12), the storage disks defining a physical storage space; the method comprising the fol- 
lowing steps: 

30 

(a) configuring the physical storage space (34) of the disk array (11) into multiple stripes for storing a predeter- 
mined amount of data, individual stripes extending across multiple storage disks (0-3) in the disk array (11) and 
comprising a segment from individual storage disks in the disk array; 

(b) adding at least one additional storage disk (4) to the disk array (11); 
35 (c) selecting a stripe; 

(d) moving data from at least one segment in the selected stripe to another location on the disk array; and 

(e) reconfiguring the physical storage space (34) containing the selected stripe into an expanded stripe for 
storing data, the expanded stripe spanning across the multiple storagedisks (0-3) and the new additional storage 
disk (4), the expanded stripe comprising a segment from the individual storage disks and a segment from tie 

40 new additional storage disk. 

2. A method according to claim 1 further comprising the additional steps: 

reserving a portion of physical storage space (34) in the disk array (1 1) of sufficient size to store at least an 
amount of data stored in an individual stripe, and 
45 moving al! segments from the selected stripe to the reserve portion. 

3. A method according to claim 1 wherein the moving data step (d) further comprises reorganizing segments within 
the stripe by moving data from one segment to one of (1 ) another segment within the selected stripe or (2) a segment 
from the new additional disk to be included in the stripe; 

so 

4. A method for enlarging storage capacity in a data storage system, the data storage system having a disk array (11) 
of multiple storage disks (12), the storage disks defining a physical storage space; the method comprising the fol- 
lowing steps: 

55 (a) configuring the physical storage space (34) of the disk array (11) into multiple stripes for storing a predeter- 

mined amount of data, individual stripes extending across multiple storage disks (0-3) in the disk array and 
comprising a segment from individual storage disks in the disk array;. 

(b) providing a pre-map indicative of the configuration of the physical s rages ice (34 Hie disk array; 

(c) adding at least one additional storage disk (4> to the disk array (1 1); 
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(d) creating , a post -map indicative of a new configuration of the physical storage space of the disk array after 

incorporating the additional storage disk; 

(e) defining a group A of segments to include at least one expanded stripe, the expanded stripe comprising a 
segment from the individual storage disks (0-3) and a segment from the new additional storage disk (4); 

(f ) defining a group B of segments to include segments not found in group A; 

(g) reorganizing the data in- the segments of group A from a first data arrangement in the segments according 
to the pre-map to a second data arrangement in the segments according to the post-map, the group A of seg- 
ments having at least one empty segment; and 

(h) moving data from at least one segment in group B to fill the at least one empty segment in group A. 

5, A method according to claim 4 further comprising the following additional step: 

(i) following step (h), regenerating parity based upon the data contained in the segments of group A, 

6, A method according to claim 4 further comprising the step of repeating steps (e)-(h); 

wherein, the reorganizing step (g) is discontinued after a number of repetitive iterations of steps (e}-(h). 

7, A method according to claim 4 further comprising resolving conflicts between access to the data in the segments 
of groups A and B and movement of that data. 

S. A method for enlarging storage capacity in a data storage system; the data storage system having a hierarchic disk 
array (1 1 ) of multiple storage disks (12), the storage disks defining a physical storage space; the method comprising 
the following steps: 

(a) mapping the physical storage space (34) into a first virtual storage space (40) which presents the physical 
storage space as multiple RAID areas, the RAID areas including first and second RAID areas where the first 
RAID area stores data according to a first RAID level and the second RAID area stores data according to a 
second RAID level, the first and second RAID areas extending across multiple storage disks (0-3) in ihe disk 
array and comprising one or more segments of storage space from individual storage disks in the disk array; 

(b) mapping the first virtual storage space into a second virtual storage space (50) which presents storage 
Space as multiple virtual blocks; 

(c) adding at least one additional storage disk (4) to the hierarchic disk array to enlarge the physical storage 
space of the data storage system; 

(d) modifying available capacity for the second virtual storage space (50) to reflect the new storage space 
yielded by adding 1he new additional storage disk (4); 

(e) selecting a RAID area; 

(f) moving data from the selected RAID area to another location on the hierarchic disk array; 

(g) updating the mapping of the second virtual storage space (50) to the first virtual storage space (40) to reflect 
the data movement within the hierarchic disk array; 

(h) remapping the physical storage space corresponding to the selected RAID area into at least one expanded 
RAID area, the expanded RAID area spanning across the multiple storage disks and the new additional storage 
disk, the expanded RAID area comprising ont or more segments from the individual storage disks (0-3) and 
from the new additional storage disk (4); and 

(i) repeating steps (e)-(h) until all RAID areas in the hierarchic disk array have been expanded to include seg- 
ments on the new additional storage disk. 

9. A method according to claim 8 further comprising reserving at least one reserved area of a size sufficient to hold 
an amount of data as that stored in a RAID area; and 

the moving data step (f) comprises moving the data from the selected RAID area to the reserved area. 

10. A method for enlarging storage capacity in a data storage system, the data storage system having a hierarchic disk 
array (1 1 ) of multiple storage disks (1 2), the storage disks defining a physical storage space; the method comprising 
the following steps: 

(a) mapping the physical storage space (34) into a first virtual storage space (40) which presents the physical 
storage space as multiple RAID areas, the RAID areas including first and second RAID areas where the first 
RAID area stores data according to a first RAID level and the second RAID area stores data according to a 
second RAID level, the first and second RAID areas extending across multiple storage disks {0-3} in the disk 
array and comprising one or more segments of storage space from individual storage disks; 
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(b) mapping the first virtual storage space (40) into a second virtual storage space (50) which presents the 
storage space as multiple virtual blocks; 

(c) adding at least one additional storage disk (4) to the hierarchic disk array to enlarge the physical storage 
space {34) of the data storage system; 

(d) locating unused storage space; 

(e) mappi ng tie unused storage space into at feast one expanded R Ai D area, the expand ed RAID area spanning 
across the multiple storage disks and the new additional storage disk, the expanded RAID area comprising one 
or more segments from individual storage disks and from the new additional storage disk; 

(f) locating, an existing RAID area which is presently holding data according to an associated RAID level; 

(g) moving data from the existing RAID area to the expanded RAID area; and 

(h) remapping the physical storage space corresponding to the existing RAID area into at least one expanded 
RAID area which also spans across the multiple storage disks and the new additional storage disk. 



13 



EP 0 706 113 A2 




EP 0 706 1t3 A2 



DISKS 

STRIPE 

0 12 3 NUMBER 



















Q 




0' 








1 ' 


Q 


2 




2' 




3 




3' 


1 


4 




4' 




5 




5' 


2 


6 




6- 




7 




7' 


3 


* 
* 

* 




* 




* 

* 




* 
* 
* 


* 
* 
* 










T 




r 


S 



















DISKS 



STRIPE 



















0 




1 




2 




P 


0 


3 




4 




P 




5 


1 


6 




P 




7 




8 


2 


P 




9 




10 




11 


3 


* 
* 
* 




* 
* 
* 




# 
* 
* 




* 
* 
* 


* 
* 
* 


P 




R-2 




R-1 




R 


0 



















JF. 



15 



EP 0 706 113 A2 




16 



EP 0 706 1 13 A2 




17 



EPG706113A2 



RESERVE 
STORAGE SPACE 
EOR MOVE 



JL 



ADD NEW 
STORAGE DlSK(S) 

I 



-102 



103- 



MODIFY VIRTUAL MAPPING 
INFORMATION TO REELECT 

EXPANSION OF 
SECOND STORAGE SPACE 



104 



SELECT EXISTING 
RAID AREA 



MOVE DATA TO SPACE ON 
DISK ARRAY: USE RESERVED SPACE, 
OR EXPANDED RAID AREA 



REMAP PHYSICAL STORAGE 
SPACE EOR EXISTING RAID 
AREA INTO EXPANDED RAID 
AREA INCLUDING NEW DISK(S) 



W8 



UPDATE VIRTUAL MAPPING 
INFORMATION TO REELECT 

DATA MOVEMENT AND 
EXPANSION OF RAID AREA 




18 



EP0 706113 A2 



DISKS 

NEW 

0 12 3 4 























0 




1 




2 








N 


GROUP A 






4 




P 




5 




N 


GROUP B 


6 




P 




7 




8 




N 




P 




9 




10 




11 




N 


12 




13 




14 




P 




N 


15 




16 




P 




17 




N 





















DISKS 

NEW 

0 12 3 4 























0 




1 




2 




3 




P 






-©- 














GROUP A 


®~ 




P 




im 




8 




N 


GROUP 8 


p 




9 




10 




11 




N 




12 




13 




14 




P 




N 


15 




16 




P 




17 




N 





















JtjQL tnrj/ SB? 



19 



EPO 706113 A2 



DISKS 

NEW 

0 12 3 4 























0 




1 




2 




3 




P 


4 




5 




6 




P 




7 


v-* 








V 




^® 




+-N 


GROUP A 


P 




®> 




(wy 




(fjy 




N 


GROUP 8 


12 




13 




14 




p 




N 




15 




16 




p 




17 




N 





















0 




i 


D 


SKS 
2 




3 




NEW 
4 


0 




1 




2 




3 




P 


4 




5 




6 




p 




7 


8 




9 




P 




10 




11 






V 








+-V 




*~ N 


<2? 








(Qy 




P 


1 


N 






16 




p 




17 




N 





















GROUP A 
GROUP B 



20 



EP 0 706 113 A2 



0 




1 


D 


SKS 
2 




3 




NEW 
4 


0 




1 




2 




3 




P 


4 




5 




6 




P 




7 


8 




9 




P 




10 




1 1 


12 




P 




13 




14 




15 


P 




16 




17 




18 




19 


20 




21 




22 




23 




P 


V 




P 




V 




V 




N 


P 




V 




V 




V 




N 


24 




25 




26 




p 




N 


27 




28 




P 




29 




N 


30 




P 




31 




32 




N 



GROUP A 
GAP 

GROUP B 



DISKS 
1 _ 2 



NEW 
4 





















G-3 




G-2 




G-1 




P 




G 


E 




E 




E 




E 




E 




















E 




E 




E 




E 




E 




















V 




H 




H+1 




P 




N 


H+2 




H+3 




P 




H+4 




N 





















GROUP A 



GAP 



GROUP B 



21 



EPO 706 113 A2 



CONFIGURE PHYSICAL STORAGE 
SPACE INTO STRIPES 



-200 



206- 



GENERATE PRE- MAP 
OF STORAGE SPACE 



202 



204 



ADD NEW 
STORAGE DISK(S) 



Jt jol a=fl > JHJ37 



CREATE POST MAP OF 
STORAGE SPACE WITH NEW 
STORAGE DISK(S) INCORPORATED 



DEFINE GROUP A" 
OF SEGMENTS 



-208 



DEFINE GROUP "B" 
OF SEGMENTS 



211 



-210 




MOVE DATA FROM SEGMENT(S) 
IN GROUP "B" TO FILL EMPTY J-*-} 
SEGMENT(S) IN GROUP "A" 



REGENERATE PARITY 
IN GROUP "A" 



REORGANIZE DATA 
IN SEGMENTS OF 
GROUP "A" TO 
CORRESPOND TO 
POST-MAP 



213 



216 



22 

RN" Z ~[- fc _____ _.070B113A2_I_ > 



CO 

< 

CO 
CD 

o 

h- 
O 
Q_ 
LU 



(88) Date of publication A3: 

03.02.1999 Bulletin 1939^5 



(43) Date of publication A2: 

10.04.1996 Bulletin 1996;1 5 



(21) Application number: 95108146.2 
(22} Date of filing: 26.05.1995 



r^rsr luinriiitfiiiini 

Office europeendes brevets (11) EP 0 706 113 A3 

EUROPEAN PATENT APPLICATION 

(51) tnt. Cl. s : G06F 3/06 



(84) 


Designated Contracting States: 


• Voigt, Douglas L. 




DE FR GB 


Boise, Idaho 83702 (US) 


(30) 




• Burkes, Theresa A. 


Priority: 05.10.1994 US 319385 


Meridian, Idaho 83642 (US) 


(71) 


Applicant: 


• Diamond. Bryan 


Boise, Idaho 83704 (US) 




Hewlett-Packard Company 




Palo Alto, California 94304 (US) 


(74) Representative: 


(72) 


Inventors: 


Schoppe, Fritz, Dipl.-lng. 
Schoppe & Zitnmermann 
Patentanwalte 




Jacobson, Michael Brent 




Boise, Idaho 83714 (US) 


Postfach 71 08 67 
81458 Munchen (DE) 



(54) Methods for adding storage disks to a hierarchic disk array while maintaining data 
availability 

(57) A method is described for enlarging the storage process, 
capacity of a hierarchical disk array data storage system 
which stores data according to different levels of redun- 
dancy, or RAID levels. The method includes first map- 
ping the physical storage space (34) into a first virtual 
storage space (40) having a plurality of RAID areas that 
extend across multiple storage disks (0-3) in the disk 
array (11) and comprise multiple stripes of segments 
from each storage disk. The first virtual storage space 
(40) is mapped into a second virtual storage space (50) 
having multiple virtual blocks. To enlarge storage capac- 
ity, one or more storage disks (4) are added to the hier- 
archic disk array. To assimilate the new storage 
capacity, data in a selected existing RAID area is moved 
to another area on the disk array of equal or greater 
storage capacity. The mapping of the second virtual 
storage space to the first is updated to reflect the data 
movement The physical storage space corresponding 
to the selected RAID area is then remapped into an 
expanded RAID area which spans across all storage 
disks, including the new disks. The process is repeated 
until all RAID areas in the hierarchic disk array have 
been expanded to include regions on the new storage 
disks. The capacity available to the second virtual stor- 
age space (50) is modified to reflect the enlarged stor- 
age capacity. According to this method, data remains 
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